The development of optical fibers has revolutionized telecommunications by enabling long-distance broad-band transmission with minimal loss. In turn, the ubiquity of high-quality low-cost fibers enabled a number of additional applications, including fiber sensors, fiber lasers, and imaging fiber bundles. In this work, we show that a multimode optical fiber can also function as a spectrometer by measuring the wavelength-dependent speckle pattern formed by interference between the guided modes. In practice, the wavelength-dependent speckle patterns are recorded in a transmission matrix. After calibration an arbitrary input spectra can be reconstructed based on the speckle pattern it produces. The spectral resolution is dictated by the change in wavelength required to produce an uncorrelated speckle pattern, which scales inversely with the length of the fiber. Using a 100 meter long multimode fiber, we were able to resolve two lines separated by merely 1 pm at a wavelength of 1500 nm. Broad-band operation is also possible by using a shorter fiber with lower resolution. We showed that a 4 cm fiber can provide 350 nm of bandwidth across the visible spectrum with 1 nm resolution. The fiber spectrometer consists only of a multimode fiber and a monochrome camera used to record the speckle patterns. Since the fiber can be coiled into a small volume, the entire spectrometer can be compact, lightweight, and low cost while providing ultrahigh resolution, broad bandwidth, and low loss.
INTRODUCTION
Traditional grating based spectrometers rely on one-to-one spectral-to-spatial mapping; however, this is not strictly required as long as distinct spectral signals are mapped to unique spatial patterns. In these implementations, the spectralto-spatial mapping properties of the dispersive medium are calibrated experimentally and stored in a transmission matrix [1] . After calibration, a reconstruction algorithm is used to recover an arbitrary input spectra based on the measured spatial intensity distribution. This approach has enabled spectrometer operation using a variety of dispersive systems, including a disordered photonic crystal lattice [1] , an array of Bragg fibers [2] , and even a random medium [3, 4] . However, these implementations suffer high insertion loss and offer only modest spectral resolution.
In this work, we demonstrate that a single multimode fiber can operate as the dispersive element in a spectrometer [5, 6] . Interference between waveguided modes in a multimode fiber produces wavelength dependent speckle patterns, providing the required spectral-to-spatial mapping. Due to the long propagation length in optical fibers, small changes in wavelength produce distinct speckle patterns, enabling high spectral resolution. In addition, the fiber can be coiled into a small volume, providing a compact, low cost spectrometer.
SPECTRAL CORRELATION OF MULTIMODE FIBERS
Multimode fibers can support hundreds of waveguided modes, each with a different propagation constant. The modes accumulate different phase delays as they travel along the fiber, resulting in the formation of a speckle pattern at the end of the fiber [5] . The spectral correlation width of these speckle patterns determines the spectral resolution of the multimode fiber spectrometer. Because the difference in the phase delays of different modes is proportional to the length, L, of the fiber, the spectral resolution scales linearly with L. To confirm this experimentally, we recorded speckle patterns as a function of input wavelength using the setup shown in Fig. 1(a) . Example speckle patterns are provided in Fig. 1(b) , showing that small changes in wavelength produce decorrelated speckle patterns. We tested step-index multimode fibers with length varying from a few centimeters to 100 meters (core diameter = 105μm, NA = 0.22). We found that the change in wavelength required to produce an uncorrelated speckle pattern (and thus dictating the spectral resolution of the fiber spectrometer), scaled linearly with the inverse of the fiber length over nearly four orders of magnitude. As a result, the spectral resolution can be improved simply by using a longer fiber. Moreover, the fiber can be coiled in a small volume, enabling a compact, low-loss, high-resolution spectrometer. The spectral correlation width measured for a wide range of fiber lengths scales linearly with the inverse of the fiber length over nearly four orders of magnitude. This indicates that the multimode fiber spectrometer resolution can be adjusted simply by selecting a fiber with the appropriate length.
FIBER CALIBRATION AND SPECTRAL RECONSTRUCTION
To use the multimode fiber as a spectrometer, we first calibrated the transmission matrix, T, relating the discretized input spectrum, S, to the output speckle pattern, I, as I = T·S. Each column in T describes the speckle pattern produced by one spectral channel. The calibration was accomplished by recording a speckle pattern for each input wavelength within the spectral range of operation using the setup shown in Fig. 1(a) . Note that this calibration step will account for any bending or twisting of the multimode fiber, but after the calibration step, the fiber should be held rigidly in place. In addition, this calibration only holds for a fixed spatial input profile and polarization, accomplished in this case by using a polarization maintaining single mode fiber to couple the tunable laser to the multimode fiber. Part of a transmission matrix measured using a 1 meter long multimode fiber is shown in Fig. 2 . Wavelength (nm) Figure 2 . Example transmission matrix recorded using a 1 meter long multimode fiber. Each column in the transmission matrix describes the speckle pattern formed by a different probe wavelength.
After calibration, the probe signal was coupled to the same single mode fiber to provide an identical spatial input to the multimode fiber. An input spectrum can then be reconstructed by measuring the speckle pattern it generates. In principle, this reconstruction can be accomplished by inversion of the transmission matrix: S = T -1 I; however, experimental noise makes the inversion process ill-conditioned. As shown in Fig. 3(a) , this direct matrix inversion procedure fails to reconstruct the probe spectrum. Instead, we adopted a pseudo-inversion procedure based on singular value decomposition in which we discarded the weak singular values to create a "truncated" transmission matrix [6] . Using the inverse of this truncated matrix, the reconstructed spectra accurately identifies the probe wavelength, although background noise is still evident. To further refine the spectra, we employed a nonlinear optimization algorithm (simulated annealing) to find the spectra, S, that minimizes ||I − T S|| 2 [6] . Using this algorithm, we were able to accurately reconstruct the probe spectrum. Figure 3 . Reconstructed spectra are show in the blue solid lines for a narrow probe signal at λ=1512 nm indicated by the reddotted line for three reconstruction algorithms. (a) The direct matrix inversion technique fails to reconstruct the probe spectrum because the inversion procedure is particularly susceptible to experimental noise. (b) Using a truncated inversion procedure, the spectrum is reconstructed with reasonable accuracy using a single matrix multiplication. (c) A simulated annealing algorithm is used to further refine the reconstructed spectrum, using the spectrum in (b) as a starting guess. 
HIGH RESOLUTION FIBER SPECTROMETER
To push the spectral resolution limits of the fiber spectrometer we selected a 100 meter long fiber. The 100 meter fiber was coiled on a 3" spool to illustrate that even such a long, high-resolution fiber can remain compact. Figure 4(a) shows the coiled multimode fiber along with the camera and a single mode fiber (SMF) connector used to couple the probe spectra into the system. The SMF was spliced directly to the MMF, ensuring that the same spatial modes were always excited in the MMF. Using the combination of truncated matrix inversion and simulated annealing discussed above, we were then able to resolve two lines separated by merely 1 pm, as shown in Fig. 4(b) . 
BROADBAND VISIBLE FIBER SPECTROMETER
The fiber spectrometer can also provide broadband operation. The number of spectral channels allowed is approximately equal to the spectral correlation width of the fiber multiplied by the number of spatial modes in the fiber. In order to achieve broadband operation, we selected a relatively short, 4 cm fiber with spectral correlation width of ~2 nm. The 4 cm fiber was then able to provide 350 nm of bandwidth, from λ=400 nm to 750 nm. Calibration was achieved using a supercontinuum source coupled through a monochromator to provide a tunable, narrowband light source. Example speckle patterns recorded using a color camera are shown in Fig. 5(a) , although the calibration and spectrometer measurements were performed using a monochrome camera. In Fig. 5(b) , a series of probe spectra are reconstructed across the visible spectrum. Figure 5 . A 4 cm long multimode fiber is used as a broadband spectrometer covering the entire visible spectrum. (a) Example speckle patterns recorded using a color camera at the end of the 4 cm fiber. (b) Reconstructed spectra across the visible spectrum using the 4 cm fiber. The probe spectra, measured separately on a grating spectrometer, are indicated by the black dotted lines and the solid colored lines are the reconstructed spectra using the multimode fiber spectrometer. To demonstrate that the fiber spectrometer can be used in realistic applications, we attempted to use it to measure the photoluminescence spectra of Rhdoamine 640, a common laser dye. The experimental setup is shown in Fig. 6(a) . After calibrating the fiber spectrometer, photoluminescence from the dye was coupled to the multimode fiber spectrometer via single mode fiber. The emission spectra was separately measured using a grating spectrometer. In Fig. 6(b) , we present the spectra measured using the fiber and grating spectrometers with the cuvette holding the dye solution either stationary or moving. With the cuvette stationary, bleaching serves to broaden the emission spectrum whereas with the dye moving, bleaching effects are minimized. In either case, the emission spectrum measured by the multimode fiber spectrometer matches the spectrum measured using the grating spectrometer. Figure 6 . (a) Experimental setup used to measure the photoluminescence from Rhodmaine dye using the 4 cm multmiode fiber spectrometer. A CW diode laser operating at λ=532 nm was used to pump the dye solution and the emission was collected using a single mode fiber and delivered to the multimode fiber spectrometer or to a grating spectrometer (not shown) for a reference measurement. A long pass filter was used to prevent pump light from entering the single mode fiber.
(b) Reconstructed spectra using the multimode fiber are shown in blue and compared with the spectra measured using a grating spectrometer in red. In the top graph, the dye was allowed to bleach, broadening the spectra, whereas in the bottom graph, the spectrum was recorded while the cuvette was moving in order to avoid bleaching. In both cases the emission spectrometer measured using the fiber spectrometer provides a good match to the spectrum measured using the grating spectrometer.
SUMMARY
In summary, we demonstrated that a multimode fiber can be used as a high-resolution, low-loss spectrometer. We demonstrated 1 pm resolution in the near-IR using a 100 m fiber and 1 nm resolution across the visible spectrum using a 4 cm fiber. In addition, because the fiber-based spectrometer consists only of a multimode fiber and a camera, it can be smaller, lighter, and less expensive than traditional grating based spectrometers.
